This Letter investigates various effects, including reactant concentrations, volumetric flow rates and microchannel width, as well as the electrode spacing, on the performance of microfluidic fuel cells employing hydrogen peroxide dissolved in alkaline and acid electrolytes as fuel and oxidant, respectively. All cells were tested with reactant concentrations ranging from 0.1 to 0.6 M and volumetric flow rates ranging from 0.01 to 1.0 ml/min. The three microfluidic fuel cells tested here have a microchannel width of 0.5 or 1.0 mm and electrode spacing of either 0.4 or 0.2 mm. Results show that cells performing either at larger volumetric flow rates or with a narrower microchannel usually had higher current density output at a given cell voltage. The highest cell current density output at 0.1 V and 0.1 M among the present cells was approximately 100 mA/cm 2 , produced by the cell having a microchannel width of 0.5 mm and an electrode spacing of 0.2 mm, while the highest cell current density output at 0.1 V and 0.6 M was 250 mA/cm 2 , produced by the cell with a microchannel width of 0.5 mm and an electrode spacing of 0.4 mm. Based on the performance discussion of both published microfluidic fuel cells and the present cells, it can be concluded that the bubbles formed in the microchannel of a cell could be one of the dominant factors in cell performance.
Introduction:
Fuel cells are considered a promising power source for numerous applications such as microelectronics devices, several kW backup power units and the automotive industry. One of the main concerns hindering fuel cells from popularisation is durability, which is mainly subject to the degradation of the polymer -electrolyte membrane. Fortunately, because of advances in MEMS technology, it is now feasible to fabricate miniature fuel cells capable of generating electricity without the polymer -electrolyte membrane. In recent years, numerous types of such microfluidic fuel cells employing various combinations of fuel and oxidant with novel microchannel designs have been presented [1, 2] . Among those microfluidic fuel cells, methanol and formic acid are two commonly used aqueous fuels that emit carbon dioxide (CO 2 ) at the anode during the electricity generation process [3 -18] . Besides air-breathing or oxygensaturated electrolyte, some of the aforementioned microfluidic fuel cells use hydrogen peroxide as oxidant [9, 10] . One particular kind of microfluidic fuel cell that emits oxygen gas, not CO 2 , at the anode was proposed by Hasegawa et al. [19] . That cell, called the direct hydrogen peroxide microfluidic fuel cell, generates electricity by pumping two hydrogen peroxide streams, respectively, mixed with alkaline and acid electrolytes as fuel and oxidant into a microchannel deposited with platinum catalyst. Fairly high cell outputs, that is 78 mA/cm 2 and 23 mW/cm 2 at 0.3 V, at [H 2 O 2 ] ¼ 0.75 M were reported. As no hydrocarbon was used as reactant, no CO 2 was produced during the electricity generation process. However, the so-called direct H 2 O 2 fuel cell was tested only at an extremely high flow rate ( 1.5 ml/min), compared with similar cells published in the literature, for a cell having a 1 mm-wide microchannel with H 2 O 2 concentrations ranging from 0.1 to 0.75 M.
Therefore the objective of this study is to experimentally investigate various factors in the performance of such direct hydrogen peroxide microfluidic fuel cells. Three microfluidic fuel cells having different microchannel widths (0.5 and 1.0 mm) and electrode spacings (0.2 and 0.4 mm) were tested and investigated in this study at various reactant concentrations (0.1-0.6 M) with volumetric flow rates ranging from 0.01 to 1.0 ml/min. In addition, we discuss the performance of the present cells and other microfluidic fuel cells in the literature employing different reactants under similar operation conditions.
Experiments:
A schematic of the present experimental setup is shown in Fig. 1a . It consists of four major components, including a microfluidic fuel cell with a T-shaped microchannel, a fluid delivery system and an electronic load for cell performance measurement.
Microfluidic fuel cells consisting of a T-shaped rectangular microchannel and electrode were fabricated and tested in the present study. The fabrication process of the microfluidic fuel cells is schematically shown in Fig. 1b . Firstly, a polydimethylsiloxane (PDMS)-based T-shaped microchannel was fabricated using standard soft-lithography process composed of a photolithography step via SU-8 and a mould replica technique. Following the PDMS microchannel fabrication, patterning photoresist (AZ-4620) was used for the lift-off process, and two metal layers (titanium and platinum) were deposited by sputtering to form catalyst and electrodes of the cells on the prescribed region of the glass slide. Subsequently, the PDMS microchannel and the Pt-patterned glass slide, activated using oxygen plasma, were bonded together with the aid of the alignment marks on both the PDMS and glass slide to form the microfluidic fuel cell. Finally, the microchannel chip of the fuel cell was drilled with three holes as inlets and an outlet for aqueous reactant.
During the experiments, both electrodes were connected to an electronic load (KIKUSUI PLZ-70UA) to measure the voltagecurrent (V-I ) curve at room temperature and ambient pressure under step-wise potentiostatic control. The electronic load enabled a maximum voltage and current of 150 V and 15 A, respectively. The resolution of voltage and current for the present electronic load are 0.1 mV and 0.01 mA, respectively.
For the fluid delivery system, a syringe pump (KDS 210; KD Scientific Inc.) with two syringes was employed. Polyethylene tubing was used to deliver liquid into the microfluidic fuel cell and to guide the waste stream out of the fuel cell. Both aqueous fuel and oxidant were simultaneously pumped into the microfluidic fuel cell via individual inlets with the same volumetric flow rate. Note that the volumetric flow rate described in this study represents the inlet volumetric flow of a single stream, and the total volumetric flow rate in the microchannel is twice that value.
The fuel of the present cell was a mixture of NaOH (SHOWA 96%) solution and For other published microfluidic fuel cells, the open circuit voltage of most cells ranges from 0.6 to 0.8 V. In addition, concentration overpotential seldom has a significant effect on cell performance. Based on the discussion, it can be concluded that such microfluidic fuel cells will have higher performance if the bubble growth can be constrained or the amount of bubbles in the microchannel can be reduced based on novel microfluidic fuel cell designs.
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